Abstract: Distributed fiber sensing technology based on a Brillouin optical time domain reflectometer is widely applied for health monitoring in engineering. However, it cannot perceive quick external interference. In this paper, we propose to use polynomial fitting on the inverse of an incomplete Brillouin spectrum and find the peak frequency by statistical analysis. Simulation results show that the peak frequency obtained by our method is only 1.096 MHz higher than that by using the Lorenz fitting method on a whole discrete Brillouin spectrum. The method has high accuracy, good repetitiveness, and high stability and is helpful in health monitoring for situations with interference that lasts for a short time.
Introduction
With the widespread application of civil engineering to bridges, tunnels, dams, etc., health monitoring of these applications should be maximized in order to find early faults, prevent disasters, and reduce damage [1] . Traditional monitoring methods are not applicable to them because they have long monitoring distance, wide range, complex structure, and hidden parts [2] . Distributed optical fiber sensing technology based on Brillouin optical time domain reflectometer (BOTDR) can measure various kinds of physical quantities and has high spatial resolution, long sensing distance, and high accuracy [3] , [4] . Thus, it has attracted much attention from engineering circles in recent decades [5] - [7] .
Brillouin scattering results from a process that the incident light wave and the induced acoustic wave interact with each other when propagating along the optical fiber. Compared with the incident light, the reflected scattering light has a frequency shift called the Brillouin frequency shift (BFS). Along the fiber, the BFS approximately follows a linear relationship with the environment temperature and the axis strain [8] . In other words, the environment temperature and the axis strain that the fiber suffers can be determined by measuring the BFS. At present, the sensing system adopts frequency sweeping method [9] to measure BFS and the measuring time is related to sensing distance, frequency sweeping interval, range of frequency sweeping and spatial resolution [10] . Take the optical fiber strain analyzer AQ8603 (Ando Electric) as an example, the measuring time will be more than 4000 seconds after 2 16 times average of the reflected scattering light under the condition that the sensing fiber is 50 km and the frequency sweeping interval is 5 MHz. Particularly, to improve the measuring accuracy, one should reduce the frequency sweeping interval and increase the times of signal averaged. As a consequence, the measuring time will be longer. Therefore, the sensing system is unable to perceive the state of the target timely when the external interference lasts only a short time. For instance, the moment that a high-speed train passes by a certain position of the railway lasts for only a few seconds. Therefore, the monitoring of the railway, specifically the sound barriers, is not easy.
The high-speed railway that passes through the residential area will make traffic noises, and usually sound barriers are installed along the railway to reduce the influence by traffic noises. However, pulsating pressure force generated by high-speed train can cause fierce dynamic responses, even worse the structural damage of the sound barriers [11] . In 2003, the sound barriers installed along the railway from Cologne to Frankfurt in Germany were all destroyed by pulsating pressure force produced by the train, resulting in a loss of 30 million Euros [12] . Considering that the railway line is so long, the distributed optical fiber sensing technology based BOTDR will be the best choice for health monitoring of the sound barriers. However, since the moment that high speed train passes by a certain position of the railway lasts only for seconds, the sensing system will measure an incomplete discrete Brillouin spectrum (IDBS) each time. It means that the deformation of sound barriers cannot be perceived accurately because the peak frequency cannot be determined.
In this paper, a method for peak-seeking of Brillouin spectrum based on IDBS is proposed. After each detection, the polynomial fitting method is used for reciprocals of the IDBS, and hence, the peak frequency can be calculated. Take the monitoring of sound barriers as an example, the fact is that there are dozens of times of trains between two developed cities in China everyday. Therefore, it does not take long time to collect adequate data to figure out the real peak frequency by statistical analysis. The method is helpful in health monitoring for situations with interference that lasts for a short time.
Theory
An acoustic field can be aroused by the spontaneous thermal motion of particles in the optical fiber, it propagates with the speed of sound v A and modulates the refractive index of the fiber periodically. When the light is incident into the fiber, it scatters, and the scattering light has a frequency shift compared with the incident light, which is the so-called Brillouin frequency shift (BFS) v B [8] . Along the optical fiber, the BFS follows a linear relationship with the environment temperature ðT Þ and the axis strain ð"Þ suffered by the fiber, which is expressed as [8] 
where v B ðT ; "Þ represents the BFS at a certain temperature T with a certain axis strain ", v ðT 0 ; 0Þ is the represents the BFS at the temperature T 0 without axis strain, and C " and C T are the coefficients of temperature and axis strain, respectively. For ordinary single-mode fibers, C " ¼ 0:5 GHz=%ð"Þ, C T ¼ 1:3 MHz= C [13] . Meanwhile, it is not difficult to determine the spot of the fiber that has a change of temperature or strain. The distance from the spot to the transmitter can be calculated by [14] 
where c is the speed of light in vacuum, n is the refractive index, and t is the time interval from launching the incident light to receiving the Brillouin scatting light.
Since the phonon vibration decays exponentially in the fiber, the shape of the Brillouin spectrum is a Lorenz curve. The theoretical expression is [15] g B ðÞ ¼ g p
where B ¼ 2 v B represents Brillouin angular frequency shift, À B is the damping coefficient of the sound wave, and g p is the peak Brillouin gain
where n is the refractive index, p 12 is the longitudinal elastic-optic coefficient, p is the wavelength of the incident light, 0 is the density of optical fiber materials, and v A is the velocity of sound in the optical fiber. The full width half peak (FWHP) of the Brillouin spectrum can be dozens of megahertz for ordinary single-mode fibers, hence power of the Brillouin scattering light within hundreds of megahertz spectrum needs to be detected in order to determine the BFS. Currently, frequency sweeping is widely used for Brillouin spectrum detection and analysis, and its principle is illustrated in Fig. 1 .
The reflected light signal of difference frequency is transformed into electric signal, and the electric signal will be mixed with the signal generated by the electrical local oscillator (ELO). When the beat frequency of the ELO is equal to the central frequency of band-pass filter (BPF) and Brillouin signal, the measured components of the Brillouin spectrum passes through the low-pass filter (LPF) of a frequency down-converter [9] . To obtain a complete Brillouin spectrum, the beat frequency of ELO should be changed, and the difference of two adjacent frequencies ðÁv Þ usually keeps invariable. Use Lorenz fitting method on the discrete Brillouin spectrum and the continuous Brillouin spectrum can be reconstructed finally.
Assume that the external interference lasts Át seconds and that the frequency sweep rate of sweep generator is v s Hz/s; then, the number of frequency points in each IDBS will be These N points will be used for mathematical fitting, and (3) is simplified in order to well explain the fitting process. The simplified version of (3) is
where
The Lorenz function is so complex that it's difficult to extract the peak frequency only by a part of its points. Therefore, we need to transform it to another form and use polynomial fitting method because polynomial is the simplest smooth curve in analytic geometry.
(I) Transform (6) into its reciprocal; then
(II) Further transform (7) into its polynomial form; then
where The interval that contains the most b is deemed to cover the peak frequency, and the mean value of these b can be the estimation of the peak frequency as long as the interval dv is small enough. To determine the range of the sweeping frequency, we set a threshold " th for the axis strain. Then the maximum value of BFS caused by strain will be We assume v À ¼ v ðT ; 0Þ, v ðT ; 0Þ is the BFS without axis strain and that it can be measured when there is no external interference. Hence, v þ ¼ v À þ Áv " . Once the BFS varies beyond v þ , the target is deemed to be damaged, and an alarm will be given.
Simulation
To further explain our idea, we take the monitoring of sound barriers along the railway as an example. The largest lateral deformation of sound barriers corresponding to the threshold axis strain is assumed to be 10 centimeters. Then, the threshold strain " th equals 4987 " and the maximum variety of BFS caused by strain will be Áv " % 249:4 MHz, as is shown in Fig. 2 . v À ¼ 10:8 GHz is the initial BFS excluding the effect of axis strain, and v þ is the upper limit of the sweeping frequency defined by the threshold of axis strain. Since the peak frequency can appear in any position between ½v À ; v þ and it can be found out only by main spectrum (MS) that covers it, here we only extract 145 MHz MS (shown in Fig. 2 ) for simulation so that our method can be better explained. Besides, the first point of this MS is assumed to be v À , and the frequencies shown in figures are relative values of real frequencies to v À .
The frequency-sweeping interval Áv is 5 MHz, the frequency-sweeping rate of sweep generator v s is 5 MHz/s when taking AQ8603 as an example, and the time that a train completely passes by a certain position of the fiber is Át ¼ 5 s. Thus, the sweep generator can obtain N ¼ 5 frequency points every time the train passes by a certain spot of the fiber, and the entire MS consists of 29 frequency points. Fig. 3 shows the MS in three different forms. Curve 2 is the discrete MS that comes from an experiment. In Curve 1, the purple bar under each point of the spectrum indicates that amplitude of each point is the total power of light that passes through the BPF. Curve 3 is obtained by using Lorenz fitting method on the whole discrete MS and the peak frequency is 10.8 GHz þ 77.719 MHz.
As mentioned above, the IDBS consists of five frequency points and Lorenz fitting method is no longer applicative, and our idea is to use polynomial fitting method on reciprocals of the IDBS and take the inverse of the fitted curve again. For an ideal Lorenz curve, the continuous MS usually cannot be reconstructed by the IDBSs that come from both sides of the MS, as is shown in Fig. 4(b) and (f). Looking into Fig. 4(a) and (e), it can be found that the fitted polynomial curves will enter the negative region of the coordinate system. IDBSs that come from the middle region of the MS can reconstruct the continuous MS by polynomial fitting method, as is shown in Fig. 4(c) and (d) . Take the Curve 3 in Fig. 3 as an example, it is found that such middle region of it ranges from point 10 to point 21. Therefore, the polynomial fitting method eliminates most of the unqualified IDBSs hence reduces the burden for mathematical statistic. It is noteworthy that the Brillouin spectrum excluding the MS will also be eliminated. Therefore, the assumption set up at the beginning of the simulation does not reduce the accuracy of our method.
In a real monitoring system, the measured IDBS does not follow an ideal Lorenz curve. Unlike the condition that considers an ideal Lorenz curve, a continuous MS can be also reconstructed based on the IDBS that does not cover the real peak frequency. As is shown in Fig. 5 , the region of the discrete MS that covers point 7 to point 11 is distorted; hence, the continuous MS is also reconstructed, but its peak frequency significantly deviates from the real value. This condition has little effect on the determination of the real peak frequency of the Brillouin spectrum in our method.
After 400 times reconstruction in one simulation experiment, the peak frequenciesðbÞ of each fitted continuous MS are obtained. Sort all the peak frequencies in accordance with an ascending order, as is shown in Fig. 6(a) . The peak frequencies of the eliminated IDBS are forced to be zero. And the region circled by a red line corresponds to the condition illustrated in Fig. 5 . To estimate the value of real peak frequency, the sweeping range ½v À ; v þ needs to be divided into N v adjacent intervals of the same length dv for statistical analysis. Then, count up the numbers of b located in each interval ½v i ; v i þ dv ð0 i N v À 1Þ, as is shown in Fig. 6(b) . Here, let ½v À ; v þ be ½v À ; v À þ 250 MHz and dv ¼ 0:5 MHz; then, N v ¼ 500. The axis y of Fig. 6 (a) and (b) only ranges from 0 MHz to 90 MHz because all these 400 b are lower than 90 MHz. Fig. 6(c) clearly shows the interval 10.8 GHz þ [78. 5, 79 .0] MHz that contains the most b, suggesting that it's highest possible that the real peak frequency is located in this interval. Then the estimation of the real peak frequency will be 10.8 GHz þ 78.813 MHz obtained by calculating the mean value of b in this interval. Fig. 7(a) shows the results of 50 times same simulation experiments as Fig. 6 , and the trends of each curve are similar to that in Fig. 6 . Fig. 7(b) shows all the 50 estimations of the real peak frequency, and the variance of them is only 2 ¼ 1:2 Â 10 À4 MHz 2 . It comes to the conclusion that our method has good repetitiveness and high stability. The mean value of these 50 estimations is 10.8 GHz þ 78.815 MHz, which is only 1.096 MHz higher than the peak frequency of Curve 3 in Fig. 3 . Such error represents 0.66-centimeters lateral deformation of the sound barrier, and it can be ignored in engineering.
Considering our method is based on data statistics, we will further discuss the accuracy of our method in detail. First of all, we will discuss the dependency of the accuracy on the number of reconstruction sequences (NRS). Fig. 8 gives the estimations of the true peak frequency in 50 times same simulation experiments with different NRS. In each subfigures, most points of peak frequency are distributed around 78.815 MHz. It is obvious that the fluctuation of points decreases with the increase of NRS. However, we can find that there exist outliers that are considerably deviated from 78.815 MHz when NRS are 50 and 100. In these two cases, the numbers of outliers are 10 and 3, respectively in 50 times same simulation experiments, as shown in Fig. 8(b) and (d). There is also no outlier for the case that NSR is higher than 200. This can be explained in the perspective of statistics that a higher NSR leads to less fluctuant whereas a lower NRS results in greater probability of appearance for the uncertain result of a single measurement. Admittedly, it may still occur that the result of a single measurement deviates from 78.815 MHz significantly when NRS is high, but an additional measurement will easily confirm whether the result is accurate in the former measurement because the probability of an uncertain result is extremely low, after all. However, it should also be noted that a higher NRS means a longer measuring duration. Therefore, NRS should be appropriately chosen in a practical application. For the monitoring of sound barriers in this paper, setting NRS as 200 is enough to keep the fluctuation of peak frequency ranging in [À0.1, 0.1] MHz. Here, we take NRS as 400, which can absolutely assure a difference of 1.096 MHz on average between our method and Lorenz fitting method.
In addition, it should be emphasized that simply increasing NRS can reduce the fluctuation but the mean value remains unchanged, as shown in Fig. 8(a)-(h) . In fact, both Lorenz fitting method and our method provide estimations of the true peak frequency but just using two different fitting algorithms. Therefore, this difference can be regarded as a systematic error between these two methods.
Besides, frequency interval is another factor that should be properly chosen in a practical application. As we know, the estimation of peak frequency by fitting methods will be closer to the true value if reducing the frequency interval, but the measuring duration will also be prolonged. All discussions above are based on the frequency interval of 5 MHz that is usually used on the optical fiber strain analyzer AQ8603 (Ando Electric). In Fig. 9 , we show the estimations of the true peak frequency in 50 times same simulation experiments with designated frequency interval and NRS. Obviously, both the cases of Áv ¼ 1 MHz and Áv ¼ 10 MHz show worse performances than the case of Áv ¼ 5 MHz when NRS is 400, as shown in Fig. 9(a) , (c), and (d).
In the case of Áv ¼ 1 MHz, the fluctuation of peak frequency is about 0.3 MHz, which is slightly larger than that in the case of Áv ¼ 5 MHz. It is clear that the smaller frequency interval will own more information of Brillouin spectrum. However, the total number of IDBS is also increased by nearly five times for the smaller frequency interval. From Fig. 9(a) , we can find that it is not enough to obtain a peak frequency as reliable as the case of Áv ¼ 5 MHz when we still set NRS as 400 in this case. Then, increasing NRS by five times, as show in Fig. 9(b) , the fluctuation of the points will be much reduced and the performance is even better than that in the case of Áv ¼ 5 MHz in Fig. 9(c) . This result verifies that smaller frequency interval is good for the accuracy, but we have to correspondingly increase the NRS to obtain the high accuracy.
As for the case of 10 MHz in Fig. 9(d) , the bigger frequency interval leads to more information loss of Brillouin spectrum, which results in the accuracy reducing of fitting methods, especially for our IDBS-based fitting method. Therefore, the frequency interval should not be too big for our method.
In addition, it is noteworthy that the value that most points are distributed around is still 78.815 MHz in the case of Áv ¼ 10 MHz. However, such value in the case of Áv ¼ 1 MHz becomes 79.620 MHz, which is 0.805 MHz higher than 78.815 MHz, because the discrete MS in the case of Áv ¼ 10 MHz can be extracted from that in the case of Áv ¼ 5 MHz, as shown in Fig. 3 . Therefore, it remains the true information of Brillouin spectrum, but in Fig. 9(a) and (b) , the discrete MS in the case of Áv ¼ 1 MHz cannot be directly obtained from that in the case of Áv ¼ 5 MHz. Therefore, we interpolate on the discrete MS in the case of Áv ¼ 5 MHz. Since the interpolated values may slightly deviate from true values, the value that most points around which in Fig. 9 (a) and (b) are distributed can also be changed slightly.
As discussed above, a higher NRS or a smaller frequency interval will improve the accuracy of our method, but the measuring duration will be prolonged as a result, so values of these two factors should be properly chosen for practical systems. For example, NRS and the frequency interval in the monitoring system of sound barriers are set as 400 and 5 MHz, respectively, in this paper. Meanwhile, the characteristics of our method are analogous to that of the Lorenz fitting method with the optimized NRS and frequency interval. Therefore, the selection of other parameters in our method, including the spatial resolution, can use the experience of traditional BOTDR for reference. Even for the changed environment temperature, we can also use some conventional techniques of BOTDR to modify the temperature effect.
Conclusion
In this paper, a method for peak-seeking of the Brillouin spectrum based on incomplete discrete Brillouin spectrum (IDBS) is proposed. The method eliminates unqualified IDBSs and obtains the peak frequency of the Brillouin spectrum by statistically analyzing the rest of IDBSs. Simulation results show that it has good repetitiveness and high stability. And the peak frequency obtained by our method is only 1.096 MHz higher than that by using Lorenz fitting method on a whole discrete Brillouin spectrum in the monitoring system of sound barriers. Increasing the number of reconstruction sequences in a single measurement or reducing the frequency interval can improve the reliability of our method. However, the measuring duration will be prolonged as a result, and therefore, values of these two factors should be properly chosen for practical systems. The method is helpful in health monitoring for situations with interference that lasts for a short time, such as sound barriers, wind tunnel tests, and so on.
